In this work we aim at discussing the effects of higher order corrections to curvature on the Lovelock AdS black holes quasinormal spectrum and, in the context of gauge/gravity correspondence, their consequences for the formation of holographic superconductors. We also explore the hydrodynamic limit of the U (1) gauge field perturbations in d dimensions.
I. INTRODUCTION
The AdS/CFT relation, discovered in the framework of string theory [1, 2] , has surpassed its natural cradle to spread into the realm of condensed matter by means of the holographic construction [3, 4] . In such a case, it does not matter much what is the type of the Black Hole in the AdS space as a physical object, but rather what is the CFT theory described in the process. Indeed, the CFT theory is the backbone of the construction and classical perturbations of the gravity set up may lead, changing the Black Hole, or generally speaking changing the AdS set up, to valuable information about the CFT counterpart. We move to new condensed matter systems, thus to new physics.
Recently, a series of models have been considered, with various degrees of success to obtain models concerning condensed matter systems, see [5, 6] for a partial and incomplete list. Several different physical situations have been touched, such as superconductivity, for perturbations of Reissner-Nordstrom solutions [3] and superfluidity [6] , as well as when dealing with time dependent solutions [7] , density waves [8] . Applications in high energy physics have been particularly important [24] [10] . Higher order corrections to the gravity counterpart have been often used, but a general discussion is still missing [11, 12] .
Here, we are going to discuss details of the higher order corrections to gravity and their consequences for the holographic field theory. In particular, we consider Lagrangians whose field equations are at most of second order [13] which, in case of generalizations of gravity lead us to the Lovelock Lagrangians [14] . The paper is organized as follows. Section II provides a review of the d-dimensional Lovelock gravity and the black hole solutions considered in this work. In the section III we obtain the quasinormal spectrum of d-dimensional charged Lovelock black holes due to a scalar probe field. In Sections IV and V we explore in the probe limit the formation of holographic superconductors in the presence of higher order corrections to the curvature. Also we compute the real time R-current correlators due to electromagnetic perturbations due to electromagnetic field. In Section VI we discuss the results and some final comments are given.
II. THE LOVELOCK GRAVITY
String theory brought the idea that higher dimensional curvature terms in the gravity action are basically mandatory to cope with quantum corrections at the Planck scale [15] .
On the other hand, field equations with higher time derivatives are unstable. Such a result, originally relying upon Ostrogradsky [16] long ago on very general grounds has been rederived in simple terms [17] . Nevertheless, there are theories with complex dynamics involving higher order terms in the Lagrangian but whose equations of motion are at most second order in time [13, 14, 18] . We discuss here the cases of Lovelock gravity as discussed in [19] , where, in several space-time dimensions we have Einstein gravity corrected by higher order terms but with second order differential equations for the fundamental metric fields. The solutions of the field equations we are considering are those of references [19] with non vanishing charge, that is, the gravity sector in d dimensions is described by the action
where k is an integer strictly smaller than d+1 2 labeling inequivalent theories, the individual Lagrange densities are
with l denoting the d-dimensional AdS radius related to the cosmological constant Λ by
and the curvature is
, where e µ a is the vielbein. It is a stablished result that the equations of motion are second order in the time derivatives. The Einstein equations have been solved [19] and a series of AdS black hole solutions emerge from these actions, the most important result used in the present work. Solutions are labelled by the space-time dimension d, the integer k defined above.
In order to consider charged solutions, the gravity action (1) has to be supplemented by the Maxwell action
where ǫ is related to the vacuum permeability ǫ 0 .
Solutions to the Einstein-Maxwell system are labelled by the space-time dimension d, the integer k defined above and the charge Q. From [19, 20] , those solutions read
where η = −1, 0, 1 defines the topology. For η = 1, dΣ 
whereĜ is the gravitational constant, δ d−2k,1 is the standard Kronecker delta and M is the black hole mass. For a generic value of k, the black holes described by the line element (8) have two horizons (r − ,r + ) located at the zeros of g tt , satisfying r − < r + . The black hole family describe by (8) 
III. LOVELOCK SCALAR QUASI NORMAL MODES
In this section we are going to explore the quasinormal spectrum of charged AdS-Lovelock black holes considering a probe scalar field evolving at such geometry.
The black hole quasinormal modes (QNM) of asymptotically AdS black holes is obtained by considering probe fields dynamics supplemented by ingoing boundary conditions at the event horizon and Dirichlet boundary conditions at spatial infinity. In the context of AdS/CFT correspondence the decay of QNM is interpreted as the return to equilibrium of a thermal state in the quantum field theory at finite temperature living at the AdS boundary [21] . For a recent review on the subject see [22] [23] and the references therein. In particular, scalar fluctuations on the bulk geometry are related to the poles of thermal retarded Green function [24] and the electromagnetic perturbations are associated to the poles of retarded Green functions of R−symmetry currents at the boundary.
The next procedure is standard but new. We consider the scalar perturbations of the above system. Scalar perturbations are easily obtained. We rewrite the metric in a form that we use in the numerical analysis below, that is,
with
Depending on the curvature (thus onη), the angular part of (5) changes accordingly. We can rewrite the parameters in terms of the inner horizon r − and the event horizon r + as
In this paper, we study the planar black hole case, namely η = 0, and without loss the generality, we set l = 1. Now, it is standard to compute the scalar modes. Because it is a Anti-de Sitter spacetime, we should use Horowitz-Hubeny method [21] to calculate the scalar quasi normal modes of this black black hole. According to this method, we set v = t+
, so the metric is rewritten as
and then the scalar equation is given by
where
so that the region of variable becomes 0
. The boundary condition at event horizon require φ(r + ) = 1 but φ should vanish at infinity. Therefore, the scalar field equation is given by
we can be expanded s(z) =
considering the boundary condition at horizon,
we have a 0 = 1, and substitute s, u, t and φ into Eq. (12), we obtain the recursion relation:
where P n = n(n − 1)s 0 + nt 0 , so all the a i can be obtained. Finally, according to another boundary condition φ(0) = 0, we always can get the value of ω from equation
It is very convenient to use Wolfram Mathematica to realize the above process, so we use this software to calculate the quasi normal modes of this black hole. We find a sequence of quasi normal frequencies as function of the temperature of the black hole. It is a tedious but straightforward procedure. Nevertheless, we find some interesting results.
The first noteworthy result with angular quantum number L = 0 is the fact that spaces As we see in Fig. 3 , the scalar quasinormal frequencies for a five-dimensional Lovelock black hole with k = 2 are purely damped, namely there is not a oscillatory phase for the perturbation. Such a result is not new in literature, another example is the behavior of scalar quasi normal modes of the three dimensional Lifshitz black hole [25] , wich gravity theory is the New Massive Gravity (NGM) whose action, as in the Lovelock case, contains high order corrections to curvature. Thus, at least is this two cases, the purely damped modes are related to the higher curvature terms. Also, we observe that the effect of adding charge to the black hole is to increase the quasi normal frequency value. There is also a quite important increase in the imaginary part of the frequencies for k = 2, when the models seems to get stiffer. This effect is less pronounced for the six-dimensional case, see Fig. 4 .
IV. THE PHASE TRANSITION AND CONDUCTIVITY
According to the AdS/CFT dictionary, the scalar perturbation ψ corresponds, at the AdS border, to the order parameter of the Conformal Field Theory. The gauge field perturbation gives rise to the border source and to the current. We can thus analyse whether we can have a superconducting phase and compute the conductivity. As it turns out, we have the conductivity as a function of the frequency, what is a physically relevant object to study the properties of the Conformal Field Theory at the border (or else, of the condensed matter system at the border). For later purposes it is going to be useful to write the above function in terms of the event horizon radius r + and the Cauchy horizon r c ≡ γr + . From this point on we shall work on flat topology, η = 0 and l = 1. We have
where γ = r − r +
. In terms of the new parameters we have
and the Hawking temperature is given in terms of the local gravity at the Black Hole event horizon,
In order to obtain the phase transition, we consider the Lovelock gravity action (1) coupled to a classical charged scalar field ψ and the electromagnetic gauge field A µ , whose action is
where ∇ is the covariant derivative, q and m are the scalar field mass and charge respectively.
We consider the equation of motion of the matter and gauge fields, in such a way that scalars are functions of the radial variable in order to define an order parameter at the border. The scalar potential corresponding to the gauge field (φ ≡ A 0 ) is, consequently, a function of the radial variable. The vectorial components of the gauge field are functions of t and r. Without loss of generality we consider only A x , whose time dependence is harmonic,
We are going to consider the equations of motion of the electric potential A 0 = Φ(r), of the scalar field Ψ(r) and the x-component of the vector potential, A x (r). Moreover, it is useful to change variables from r to z = 1 r
. Moreover, foreseeing the asymptotic behavior of the fields, we redefine them as
. We in this paper use the shooting method to calculate numerically the holographic superconductor and the conductivity. The Maxwell-Klein Gordon equations in the probe limit for k = 1 and d = 5 read
By the shooting method, we choose the value of the fields near the horizon, solve the differential equations to the spatial infinity and compare with the boundary condition. For solving the differential equation we choose the functions as power series of z − 1. We thus obtain the value of the function at the boundary and compare with the boundary condition.
We subsequently consider the cases d = 5, k = 2, d = 6, k = 1 and d = 6, k = 2, whose equations of motion are given in the appendix.
A. Numerical Analysis
Let us first concentrate on the 5-dimensional case, where the function f (r) defining the metric is given by
Here, η = +1, 0, −1 depending on whether the solution has positive, zero or negative curvature. The parameter b is a measure of the charge of the black hole, R is the inverse of the cosmological constant and r p the event horizon.
We search for static solutions for the electric potential and for the scalar field seeking at the order parameter at the border. Moreover, we look for a vector potential at a given frequency (as above) in order to test the Ohm's law. The fields obey the coupled differential equations
A a x(r) = 0.
B. Results for Phase transition
We considered various choice of parameters. Generally speaking, the order parameter O 2 is larger than O 1 , and the one corresponding to k = 2 larger than the one corre-sponding to k = 1. This result about k means that the nonlinearity enhances the order parameter, but strangely enough the conductivity goes the other way (see next subsection), namely the conductivity (both real and imaginary part) are smaller for k = 2. Thus, order does not mean, in this case, better conductivity properties.
The effect of dimensionality upon the phase transition is to lower the value of the condensate as the number of spatial dimensions increase. Such a effect is present in both
condensates O 1 and O 2 , see Fig. (7) for an example. 
C. Results for Conductivity
Now, we are going to compute the conductivity for each boundary operator O 1 and O 2 following the standar AdS/CFT recipe [3] . Solving numerically the equation (20) x , both defined at the AdS border. Having these two quantities, we compute de conductivity σ(ω) through the Ohm's law
We present in Fig.( 
V. R-CURRENT CORRELATORS AND HYDRODYNAMICAL QUASINORMAL

MODES
In this section we are going to apply the the AdS/CFT correspondence [2] [26] in order to compute the real time R−current correlators, which can be expressed in term of the boundary value of the gauge invariant quantities such as the electric field at the spatial infinity. As one knows, the electromagnetic fluctuations, in the AdS/CFT context, give rise to the correlators associated to the R−symmetry at the boundary filed theory.
Following the procedure outlined in [26] [27], the imposition of Dirichlet boundary conditions on the gauge invariant variables lead to the poles of the field theory correlation functions and, according to [28] , the quasinormal frequency spectra of the asymptotic AdS black hole considered. Moreover, a consequence of applying the approach [28] is that the electromagnetic quasinormal spectra presents a set of modes which behaves like a diffusion wave in the long wavelength and low frequency limit, such a limit is called hydrodynamic limit of perturbations. The two main results of the section is the explicit form of correlators in the field theory defined at the boundary of Lovelock black holes and the frequency of diffusion quasinormal modes for dimension d ≥ 4.
A. Correlators due to Electromagnetic Field
We are going to consider as our bulk geometry the uncharged d−dimensional planar Lovelock black hole, represented by the following line element
The function g(u) is the horizon function given by
The event horizon is located at r = r 0 or u = 1, the radial coordinate r ∈ [r 0 , +∞] is mapped to u ∈ [1, 0] through u = r 0 /r. In order to have a black hole with planar topology, at least one of the extra dimensions has to be compact [20] , so in the above metric φ ∈ [0, 2π], and the remaining directions have the domain
In AdS/CFT context, the electromagnetic field evolving in the region near the AdS boundary couples to the holographic field theory current-current two-point correlation function. Therefore, we have to compute the perturbations on the electromagnetic potential A µ , whose equations governing its dynamics are the Maxwell equations,
where F µν = ∂ µ A ν − ∂ ν A µ , and the metric components which enter in Maxwell equation are those given by (22) . Using the isometries of black hole spacetime, we can decompose the gauge field A µ in Fourier as following 
where the primes refers to derivatives with respect to u direction. For convenience, we have normalized the quantities w and q in terms of black hole Hawking temperature
Following the AdS/CFT recipe [30] , the current-current two point correlators are given by the field E µ (µ = φ, x) near the AdS boundary, which in our case, is obtained trough the solution of equations (25) and (26) at u ≈ 0:
furthermore, close to the event horizon E µ = g(u)
w , where the positive exponent corresponds to outgoing waves and the negative exponent to ingoing waves at the event horizon, also the choice of sign means the electric field at AdS boundary is taken as classical source of retarded (negative) or advanced (positive) current-current two point correlators. The ingoing waves at the event horizon are physically motived boundary conditions for a classical black hole, thus, we are going to adopt the negative exponent for the electrical field E µ meaning that we are considering the retarded correlators of the holographic field theory.
The next step is to consider the electromagnetic action at the AdS boundary (u ≈ 0)
with the results (27) and (28) we have
where η 2 is the normalization of the action, from [31] one finds
with N c representing the number of D− branes. Also, we can rewrite the electric field at the AdS boundary in terms of the gauge field in the same region A 0 µ ( p) = A µ (u → 0, p) and applying the Lorentzian prescription [30] ,
one finds the current-current correlators
Using the components of C µν it is possible to express the transversal Π T (ω, q) and longitudinal Π L (ω, q) self-energies of the (d − 1) holographic thermal field theory
So, the electromagnetic correlation functions are fully determined by the relations b φ (w, q)/a φ (w, q) and b x (w, q)/a x (w, q) and the poles of the correlators are the same as the zeros of a φ (w, q) and a x (w, q) [28] . To find the poles, we impose Dirichlet boundary conditions on the electric field at AdS boundary and ingoing wave conditions at the black hole event horizon.
B. Diffusion Quasinormal modes
To determine the self-energies found in the preceding computation, we have to solve the differential equations for E x and E φ . Analytical solutions are unknown, unless in the socalled hydrodynamical limit of the perturbations. Such a limit is achieved by considering a set of perturbations with small frequencies and small wave numbers,
From the point of view of the thermal field theory, at least one of the electromagnetic quasinormal frequency has to behave as a diffusion mode in the hydrodynamical limit. So, if
we impose Dirichlet and ingoing-wave boundary conditions to the differential equations (25) and (26), we found that there is not a transversal diffusion mode, namely, does not exist a value of ω that is compatible with E φ = 0 at AdS boundary. Such a result is independent on the dimensionality of the bulk and the flavor of the Lovelock theory, in other words, independent on d and k. However, we found that for the longitudinal mode, there is a hydrodynamical mode given by
whose diffusion coefficient can be read off
This is the main result of the section. We found that the diffusion coefficient depends crucially on the flavor of Lovelock gravity. As we increase the corrections to the curvature in Lovelock Lagrangian the diffusion coefficient tend to zero, so the charge diffusion in transversal direction in thermal field theory is diminished in gravity duals with corrections to the curvature.
VI. CONCLUDING REMARKS
In this work we have studied the effects of higher order corrections to the gravity upon the scalar and hydrodynamical quasinormal modes spectrum, the condensation of holographic operators and their conductivity.
Regarding to the scalar quasinormal modes, we found that the corrections to the curvature diminish the quasinormal modes oscillating phase, it is similar to the dynamics of a perturbation in a very dense material medium. We see from Fig.(3) the case where the real part of the frequencies are zero, so these modes are purely damped. Moreover, we found in the hydrodynamical limit a purely damped diffusive quasinormal mode ω = −i(d −1)q 2 /(d −3)kT , which depends strongly on the k parameter.
We obtained explicitly the phase transition giving the condensation of operators O 1 and O 2 . The influence of curvature corrections of the Lovelock gravity is to increase the value of the condensate, in both charged and uncharged cases. Also, we compute the conductivity, where we found that the considered gravity bulk diminish the real part and imaginary part of σ(ω) as we add more corrections to curvature.
As an extension of this work, it would be interesting to consider charged fermions fields evolving on the gravity bulk given by the family of Lovelock black holes in order to investigate if purely damped quasinormal frequencies are allowed in this case. Another problem wich will be address in a future work is the question of gravitational stability of Lovelock black holes and the computation of holographic stress-energy tensor of field theory on the spacetime AdS boundary.
We get the results for different values of b (representing the charge) k and the dimension d.
